The peroxisome, sole site of b-oxidation in Saccharomyces cerevisiae, is known to be required for optimal growth in the presence of fatty acid. Screening of the haploid yeast deletion collection identified 130 genes, 23 encoding peroxisomal proteins, necessary for normal growth on oleic acid. Oleate slightly enhances growth of wild-type yeast and inhibits growth of all strains identified by the screen. Nonperoxisomal processes, among them chromatin modification by H2AZ, Pol II mediator function, and cell-wall-associated activities, also prevent oleate toxicity. The most oleate-inhibited strains lack Sap190, a putative adaptor for the PP2A-type protein phosphatase Sit4 (which is also required for normal growth on oleate) and Ilm1, a protein of unknown function. Palmitoleate, the other main unsaturated fatty acid of Saccharomyces, fails to inhibit growth of the sap190D, sit4D, and ilm1D strains. Data that suggest that oleate inhibition of the growth of a peroxisomal mutant is due to an increase in plasma membrane porosity are presented. We propose that yeast deficient in peroxisomal and other functions are sensitive to oleate perhaps because of an inability to effectively control the fatty acid composition of membrane phospholipids.
b
-OXIDATIVE catabolism of fatty acids occurs in peroxisomes of all eukaryotes, yet there is tremendous species variation in other functions carried out by this organelle, also called the microbody, the glycosome, and the glyoxisome (van den Bosch et al. 1992) . While b-oxidation occurs in all peroxisomes, only in some species, such as the yeasts, is it a uniquely peroxisomal function (Hiltunen et al. 2003) . Animals, by contrast, also perform b-oxidation in the mitochondrion using a separate set of enzymes (Bartlett and Eaton 2004) . A variety of elegant methods using human cells, Saccharomyces cerevisiae, and other yeast species have identified 33 Pex proteins, or peroxins, that play a wide range of roles in peroxisome biogenesis and function (Purdue and Lazarow 2001; Eckert and Erdmann 2003; Veenhuis et al. 2003; Moyersoen et al. 2004) . Most Pex proteins are highly conserved throughout eukaryotes; human disorders that result from mutations in any one of a number of pex genes have been studied extensively (Eckert and Erdmann 2003) . Only 2 of the 27 known Saccharomyces peroxins, Pex3 and Pex19, are required to maintain the organelle (Hohfeld et al. 1991; Gotte et al. 1998; Hettema et al. 2000) .
Despite the extensive knowledge of the roles of many of these proteins, the specific biological functions of the peroxisome, as well as the molecular basis of pathologies that result from peroxisomal dysfunction, remain poorly understood. Most pointedly, the cellular role of peroxisomal b-oxidation has not been established. Mitochondrial b-oxidation, found only in animals, is thought to be responsible for catabolism of dietary fatty acid (Bartlett and Eaton 2004) . Peroxisomal b-oxidation, found in every eukaryote examined (Kunau et al. 1988) , is likely to play a different cellular role. In S. cerevisiae, boxidation appears to be the only complete biochemical pathway carried out in the peroxisome (Hiltunen et al. 2003) . Such relative simplicity, as well as the unsurpassed genetic utility of this yeast, makes it an attractive system for helping to elucidate the organelle's cellular function. Soon after it was established that Saccharomyces could be used to study the peroxisome (Veenhuis et al. 1987 ), a genetic screen for mutants that grow slowly in the presence of oleic acid (oleate), an 18-carbon, cismonounsaturated fatty acid, led to the identification of PEX1, PEX3, and PEX4 (Erdmann et al. 1989) . Slow growth was attributed to the inability of yeast with defective peroxisomes to carry out b-oxidation and to therefore be incapable of utilizing fatty acids as a source of carbon.
As part of an effort to identify proteins required for peroxisome inheritance, we sought to identify additional proteins that are required for its maintenance. A set of yeast deletion strains constructed by a consortium 1 of laboratories (Winzeler et al. 1999) has been screened extensively for a broad range of phenotypes. In this work, haploid deletion strains that grow poorly in the presence of oleate were identified. Most Pex proteins previously shown to be required for optimal growth in the presence of oleate were identified by the screen, yet the screen also identified genes whose products have nonperoxisomal functions. Contrary to previous interpretations, strains identified in the screen grew poorly in the presence of oleate because of the inhibition of their growth by oleate rather than because they were incapable of using oleate as a carbon source. We present evidence suggesting that the toxicity of oleate to pex and other mutants may be the result of changes in the plasma membrane. These findings implicate the peroxisome, an organelle whose biological function has remained obscure, in membrane function.
MATERIALS AND METHODS
Yeast media, strains, and growth: Synthetic media with tergitol and yeast extract (STY) contains 0.67% yeast nitrogen base (Difco 291940); 0.05% yeast extract (Difco 212750); 1% tergitol [Sigma (St. Louis) NP40S]; a mixture of amino acids, uracil, and adenine at one-tenth the concentration used previously (Sherman 1991) ; 0.01% ampicillin and 0.01% G418 (both ampicillin and G418 are omitted from liquid media). Oleate and palmitoleate from Nu-Chek Prep were dissolved in warm 10% tergitol before being added to the other components. Plates contained 2% bactoagar (Difco 214010). Nourseothricin (clonNAT) was provided by Werner BioAgents.
All yeast strains were derived from BY4741 and BY4742 (Brachmann et al. 1998 ). The oleate screen was carried out using the set of MATa haploid deletion strains (Open Biosystems YSC1049) maintained in the supplier's 96-well format. Frozen stocks were thawed and inoculated into 0.1 ml of YPD 1 G418 medium in 50, 96-well dishes using a pinning device mounted on the Beckman Biomek 2000, also used for all further deletion set manipulations. After growth for 2 days at 30°w ithout shaking, cultures were diluted 100-fold in water and 1ml was pinned onto rectangular agar plates containing STY 1 oleate (0.1%) and STY 1 glycerol (3%) medium for growth at 25°. STY 1 glycerol plates were grown for 4 days and stored at 4°until sufficient growth of the STY 1 oleate plates (13 days) allowed growth data to be visually recorded. Strain data and growth properties were managed using Filemaker software. To combine a gene deletion with Pex11-GFP, the MATa deletion strain from the commercial set was mated to the Pex11-GFP fusion derivative of BY4741 constructed by the Yeast GFP Fusion Localization Database (Huh et al. 2003) . The diploid was then sporulated, and His 1 G418 R spore colonies were identified from tetrads in which these two markers each segregated 2:2. Flow cytometric analysis of cell cycle distribution was performed as described (Foss 2001) .
Microscopy, Western blotting, and Sytox green staining: Fluorescence microscopy was carried out using a Zeiss Axiovert 200M with FITC filters to detect GFP. Western blots of yeast protein prepared (Kornitzer 2002 ) from midlog cultures were probed with mouse monoclonal antibody to GFP (Roche 1814460). The secondary anti-mouse monoclonal antibody, conjugated to horseradish peroxidase, was reacted with an acridinium ester [Amersham (Buckinghamshire, UK) RPN2132], and the product was detected on the Amersham Storm 860 phosphoimager. Blots were then probed with rabbit polyclonal antibody to yeast actin (kindly provided by Alex Merz), further probed with anti-rabbit monoclonal antibody conjugated to horseradish peroxidase, and reacted and visualized as above.
To assay the influence of oleate on cell permeability, yeast grown in STY liquid medium with or without 0.1% oleate to midlog were resuspended in 0.5 mm Sytox green (BioVision K201) as suggested by the supplier for 10 min at room temperature and visualized immediately on the Zeiss microscope with FITC filters.
RESULTS
A screen for proteins that permit normal growth in the presence of oleate: Two previous studies led to the isolation of mutants of S. cerevisiae that grow slowly in the presence of oleate (Erdmann et al. 1989; Marzioch et al. 1994) . Such growth impairment was attributed to the inability to utilize oleate as a carbon source. Six of these mutants fell into four complementation groups, which eventually came to be known as PEX1 (Erdmann et al. 1991) , PEX3 (Hohfeld et al. 1991) , PEX4 (Wiebel and Kunau 1992) , and PEX7 (Marzioch et al. 1994) . To carry out a screen of the yeast deletion strains using this strategy, a growth medium, STY, was devised (based on the variety of oleate media formulations used since 1989) that in our study maximized the growth difference between Pex 1 and pexD strains on STY 1 oleate relative to growth on STY 1 glycerol. The rationale for using glycerol, a nonfermentable carbon source, as a control in the current and previous screens was that acetyl-CoA produced by b-oxidation can serve as an energy source only in respiratory-competent strains, i.e., those capable of growing on glycerol. Respiratory-deficient mutants, incapable of growth on both glycerol and oleate, could thereby be distinguished from those that grow slowly only on oleate.
The haploid (MATa) deletion collection (4773 strains) was grown on STY 1 oleate and STY 1 glycerol to give 50 pairs of plates, one of which is shown in Figure  1 . A total of 136 strains deleted in the genes listed in Table 1 were identified. Twenty-six of these compose 13 pairs of chromosomally adjacent genes. Since five of the six dubious ORFs (predicted to encode proteins that have no orthologs in other fungi) identified by the screen were adjacent in chromosomal location to bona fide genes listed in Table 1 , it is likely that sequence in these dubious ORFs affects expression of adjacent oleate-sensitive deletions. These six genes-SPF1, PEX14, OPT1, KNS1, NCS1, and GAL11-were thus in effect identified twice. For the seven other pairs of chromosomally adjacent genes, the identities of the true hits are ambiguous. As has also been observed by others ( J. Aitchison and P. Lazarow, personal communications), we observed variability in the oleate phenotype when retesting a number of the strains identified in the screen. This variability is undoubtedly due to changes in cellular physiology and possibly to subtle changes in growth conditions. We are currently attempting to determine the cause of this variability.
Nevertheless, retesting the MATa deletion strains identified in the screen confirmed an oleate phenotype for each strain listed in Table 1 . In addition, the MATa versions of most of the strains identified in the screen were also tested and found to correlate well with the phenotypes listed in Table 1 .
The screen was judged to be successful because it identified 23 peroxisomal proteins, including 16 Pex proteins that have been reported to be required for optimal growth on oleate. A number of other functional categories are also overrepresented relative to their prominence in the yeast proteome. The Pol II mediator complex is one such category: five of its eight components (Bjorklund and Gustafsson 2005) were identified (one other of its components is required for respiration and another is essential). Another functional category involves H2AZ, the alternative histone whose substitution into chromatin locally influences transcription (Kobor et al. 2004) . Four of nine components of SWR-C (four other SWR-C proteins are essential), the complex that substitutes histone H2AZ for H2A in chromatin, were identified, as was H2AZ itself.
Oleate inhibits the growth of peroxisomal mutants and other oleate-sensitive strains: In isolating Saccharomyces pex mutants, Erdmann et al. (1989) attributed their poor growth in the presence of oleate to an inability to use fatty acid as a carbon source. On the contrary, we find that oleate inhibited the growth of pex mutants. Figure 2 compares the growth of pex6D and Pex 1 strains on STY containing glycerol, no added carbon source, or oleate. In contrast to the results of Erdmann et al. (1989) , which showed wild-type Saccharomyces to be unable to grow unless both 0.05% yeast extract and oleate are present on plates, we found growth to occur without the addition of any carbon source as long as 0.05% yeast extract was included. Tergitol, the detergent in STY medium added for fatty acid solubilization, had no effect on growth (data not shown). Note the slight enhancement in colony size of both strains by the addition of glycerol and of the Pex 1 strain by the addition of oleate. Growth of the pex6D strain, however, is severely inhibited by oleate addition. While there is a slight augmentation in growth of the Pex 1 strain by the addition of oleate, the poorer growth on oleate of the strains identified in our screen is mainly due to the inhibition of their growth by oleate rather than to the failure of their growth to be enhanced by oleate. By comparing the growth of all positives obtained in the screen on STY, STY 1 glycerol, and STY 1 oleate, oleate inhibition was found to account for the oleate phenotype of all but one of the strains (the exception, pck1D, was capable of growth on STY 1 glycerol but not on STY and therefore does not appear in Table  1 ). Because the mutants are oleate inhibited rather than unable to be fed by oleate, the screen in retrospect could have used STY rather than STY 1 glycerol as a control.
STY medium was used to conduct the screen since this minimal medium allows the detection of even weakly oleate-inhibited strains. The possibility therefore arose that the strains appearing to be less strongly inhibited by oleate were exhibiting this phenotype because of starvation. We addressed this possibility with a series of control experiments that examined the effect of oleate on the cell cycle distribution of cells from Pex 1 and pex6D cultures incubated in STY 1 oleate. Starvation of yeast is well established to cause cells to accumulate in G 1 ( Johnston et al. 1977) . However, at 1, 2, and 4 hr after the shift from glucose-to oleate-containing STY medium, no shift in cell cycle profile of either the Pex 1 ( Figure 3 , A, C, E, and G) or the pex6D (Figure 3 , B, D, F, and H) strains was detectable. While the viability of the Pex 1 strain is largely unaffected by this 4-hr oleate treatment, the progressive decrease in viability of the pex6D cells during this interval demonstrates the expected toxic effect of oleate on this strain. An accumulation of Figure 1 .-A genomewide screen for oleate sensitivity. One of 50 pairs of plates that were compared to identify deletion strains that exhibit the oleate growth phenotype. The five circled strains are med2D, ptc1D, rpn4D, pex19D, and cbs1D. Deletion strains were applied to all but 2 of the 96 positions of this plate pair; the absence of growth at the other positions is due to the inability of these strains to grow on either oleate or glycerol. For example, the cox9D strain, known to be respiratory deficent, is located in the position second from the bottom, fourth from the right. . Since the pex6D strain was not starved while oleate was exerting a toxic effect, there is no indication that starvation contributes to the toxic effect of oleate on the pex6D strain. It seems reasonable to extend this conclusion to the other strains that exhibit oleate sensitivity in STY medium but not in rich medium. Peroxisome structure and function in oleate-sensitive strains: The original goal of the screen was the identification of proteins that, like Pex3 and Pex19, are responsible for the maintenance of the peroxisome. Seventy of the deletions identified by the screen (underlined in Table 1 ) were therefore tested for their ability to cause the loss of peroxisomes. Versions of these 70 strains were constructed that express Pex11-GFP in place of Pex11 (this fusion does not influence oleate sensitivity; data not shown). Of these 70 strains, 68 showed punctate GFP fluorescence; the pex3D and pex19D strains were the only two strains that failed to show punctate GFP fluorescence (data not shown).
Thus, the oleate screen identified no additional proteins that are required for maintaining the peroxisome.
While many genes identified by the screen encode peroxisomal components, others have no known connection to the organelle. The relationship of several of these gene products to the peroxisome was addressed by determining whether deletion influenced oleateinduced enhancement of Pex11-GFP expression. Numerous previous studies have shown oleate to cause a substantial induction in the size and/or number of Saccharomyces peroxisomes (Veenhuis et al. 2003) . Oleateinduced expression of PEX11 and the other PEX genes depends on Oaf1 and Pip2, transcription factors that bind as a heterodimer to the oleate-responsive element (Luo et al. 1996; Rottensteiner et al. 1996; Karpichev and Small 1998) . Adr1, the transcription factor first identified as the inducer of yeast alcohol dehydrogenase (Ciriacy 1975) , is also important for PEX gene induction (Simon et al. 1991; Gurvitz et al. 2001) .
To determine the change in Pex11-GFP level in a strain grown under various conditions, total protein was analyzed on GFP-probed Western blots. Figure 4 shows the results from 12 such strains, grown first in glucosecontaining liquid medium, after a subsequent shift to glycerol, and after shifting from glycerol to oleate. The wild-type strain shows a substantial induction in Pex11-GFP expression upon shift to glycerol; a subsequent shift to oleate shows an additional substantial induction. As expected, deletion of either OAF1 or PIP2 permits the initial glycerol induction but blocks the oleate induction, and deletion of ADR1 blocks the initial glycerol induction but permits the subsequent oleate induction. Deletion of PEX3, PEX6, or PEX15, as anticipated, allows little if any Pex11-GFP to accumulate even after oleate treatment. Spf1, identified in the oleate screen, is reported to be involved in ER function, calcium homeostasis (Cronin et al. 2002) , and the orientation of protein insertion into membranes (Tipper and Harley 2002) . It was also shown by mass spectrometry to be associated with the peroxisome (Marelli et al. 2004) . Figure 4 shows that neither glycerol nor oleate cause Pex11-GFP levels to increase in a spf1D background. Spf1 is thus grouped into the ''peroxisome'' functional category of Table 1 .
In contrast, other deletions show glycerol and oleate induction of Pex11-GFP that is indistinguishable from wild type. Figure 4 shows this to be the case for sap190D and ilm1D, genes that encode proteins of unknown function. akr1D, dfg5D, pox1D, ptc1D, and sac1D strains are also unaffected in Pex11-GFP induction (data not shown). These results imply that, although these eight proteins participate in preventing oleate inhibition of growth, they are unlikely to have a role in the maintenance or induction of the peroxisome. Indeed, aside from Pox1, which is a peroxisomal protein but which has no known role in organelle maintenance, these proteins have no known connection to the peroxisome. An intermediate degree of induction is seen in Figure 4 for ubr2D, implicating Ubr2 perhaps tangentially in peroxisome function. In summary, these Pex11-GFP induction data confirm, as shown in Table 1 , that both peroxisomal and nonperoxisomal cellular processes are required to protect S. cerevisiae from the toxic effects of oleate.
The strains identified as being most inhibited by oleate also showed inhibition when rich, glucose-containing medium (YPD) instead of STY medium was used ( Figure 5 ). Gpt2 and Fen1 have roles in lipid metabolism but are unlikely to be related to the peroxisome. Gpt2 is one of two acyl transferases that produce lysophosphatidic acid, a phospholipid precursor (Zheng and Zou 2001; Zaremberg and McMaster 2002; Sorger and Daum 2003) . Its deletion causes substantial growth inhibition by oleate. In contrast, a strain lacking Sct1, the other glycerol-3-phosphate acyl transferase, fails to show oleate sensitivity (data not shown). Fen1 is Figure 3 .-The oleate sensitivity of the pex6D strain is not due to starvation on STY medium. (A-H) BY4741 and YD1115 (pex6D) were grown to early log phase in STY 1 2% glucose and washed with water. Cells were resuspended in STY 1 0.1% oleate to their previous density, incubated at 30°for the indicated times, and then analyzed by flow cytometry and plated to score for viable cells. (I-L) The two strains were grown in YPD 1 1% tergitol to early log phase, supplemented with 30 mm a-factor and after 2 hr subject to flow cytometry (K and L) or allowed to grow unarrested for 24 hr to stationary phase and then analyzed by flow cytometry (I and J). one of three yeast fatty acyl elongases that lengthen the C14, C16, and C18 fatty acyl CoA esters that are produced by the fatty acyl synthetase complex (Oh et al. 1997) . Figure 5 shows the fen1D strain to be among the most strongly inhibited by oleate, yet strains deleted in genes that encode either of the other elongases, Elo1 (Toke and Martin 1996) and Sur4 (Oh et al. 1997) , were rechecked and showed no oleate phenotype (data not shown).
Proteins that are implicated in cell-wall function are highly represented among the oleate-inhibited deletion strains. Data for two of these, pde2D and sac1D, are also presented in Figure 5 . Deletion of PDE2, which encodes the yeast high-affinity cAMP phosphodiesterase, has major effects on cell-wall integrity ( Jones et al. 2003) . Sac1, one of several yeast phosphoinositide phosphatases, influences the cell wall by controlling chitin synthase trafficking (Schorr et al. 2001) . As indicated by the following examples, there is a substantial concurrence among proteins found from previous studies to influence the cell wall and those reported here that prevent oleate inhibition: mutants in PEX6/PAS8 and FOX2 have altered sensitivity to calcofluor white, a gauge of cell-wall strength (Lussier et al. 1997) ; pex12D causes resistance to killer toxin, another measure of cell-wall integrity (Page et al. 2003) ; and FEN1, the elongase discussed above, was first described as GNS1, mutations in which cause severe defects in synthesis of 1,3-b-glucan, a cell-wall component (el-Sherbeini and Clemas 1995). The connection between oleate sensitivity and the cell wall is discussed in more detail in the discussion. As is also shown in Figure 5 , the protein required for resistance to the lowest level of oleate (0.01% in YPD) is Ilm1, a 203-residue protein of unknown function predicted to contain four trans-membrane domains. The sensitivity of a number of deletion strains to oleate even in the presence of 2% glucose further supports our conclusion that the reason for slow growth of mutants in the presence of oleate is growth inhibition rather than the inability to consume oleate as a carbon and energy source.
The sap190D and ilm1D strains are highly sensitive to oleate yet insensitive to palmitoleate: The sap190D strain was also particularly sensitive to oleate; Figure  6B shows it to be inhibited by 0.03% oleate on YPD. Sap190 was first identified as one of two large proteins that co-immunoprecipitate in a cell-cycle-specific manner with Sit4 (Sutton et al. 1991) , one of five yeast PP2A-like protein phosphatases (Duvel and Broach 2004) . Sap190 and Sap155, the other Sit4-associated protein that was initially identified, were subsequently shown by a combination of homology, immunoprecipitation, and genetic criteria, to be two of three (possibly four) Sap proteins of Saccharomyces. Additional genetic evidence from that study suggested that Sap4, Sap155, Sap185, and Sap190 all have distinct but uncharacterized functions related in some way to Sit4 (Luke et al. 1996) . Strains lacking SAP4, SAP155, or SAP185 were not identified in the oleate screen and their reexamination confirmed them all to be oleate insensitive ( Figure 6A ). As expected on the basis of the relationship of Sap190 and Sit4, however, deletion of SIT4 did indeed cause sensitivity to oleate (Figures 5 and 6 ). Our screen failed to identify the sit4D strain probably because of its slow growth even in the absence of oleate.
In addition to oleate, the other main unsaturated fatty acid found in S. cerevisiae is palmitoleate , which is two carbons shorter but otherwise identical to oleate. A comparison of the ability of the two fatty acids to inhibit growth of several strains is shown in Figure 7 . Palmitoleate, instead of severely inhibiting growth, promotes the same slight stimulation of growth of the sap190D strain as seen when the wild-type strain is supplemented with oleate. The ilm1D strain is also selectively inhibited by oleate but not by palmitoleate. Growth of the pex6D strain, in contrast, is inhibited by palmitoleate almost as much as by oleate. The specificity with which fatty acids inhibit growth of the sap190D and ilm1D strains reinforces our assumption that oleate inhibition is a physiologically relevant phenomenon rather than a more generalized detergent-like effect.
Mutations augment the ability of oleate to permeabilize the plasma membrane: What can account for the toxicity of oleate to strains in which peroxisomal and other functions are impaired? We reasoned that addition of oleate to these mutant strains might cause membrane changes that wild-type strains are capable of resisting. The double bond in oleate's acyl chain introduces a kink that disrupts acyl chain packing in the lipid bilayer. An increase in oleate incorporation into phospholipids therefore can increase membrane fluidity (Hazel 1995) . Too great an increase in fluidity compromises membrane integrity which, at least for the plasma membrane, has lethal consequences. One possible effect of removal of a protein that permits yeast to grow normally in the presence of oleate could be the impairment of the cell's ability to properly control the fatty Figure 7 .-Oleate and palmitoleate differ in ability to inhibit growth. The indicated MATa strains from the deletion collection were suspended in water at 10-fold dilutions, spotted on the indicated plates, and grown for 7 days at 30°. Figure 6 .-Oleate inhibition of sap190D and related strains. The indicated MATa strains from the deletion collection were suspended in water at 10-fold dilutions, spotted on the indicated plates, and grown for (A) 7 days at 30°and (B) 2 days at 30°. acid content of its membrane phospholipid. Addition of unsaturated fatty acid could therefore lead to an increase in porosity of the plasma membrane.
The effect of oleate on the integrity of the plasma membrane was tested by examining the ability of Sytox green, a vital dye, to enter cells. The fluorescence enhancement of Sytox upon interaction with nucleic acid has previously been used to probe membrane permeability of Aspergillus (Theis et al. 2003) , Neurospora, and Saccharomyces (Thevissen et al. 1999) . Figure 8A shows Sytox-stained Pex 1 and pex6D strains after 0, 2, and 4 hr of exposure to oleate. Prior to oleate treatment, Sytox entered a similar small fraction (,2%) of cells of the two strains. With increased time of exposure to oleate, a significantly greater fraction of pex6D cells than of Pex 1 cells were capable of taking up the dye. Quantitation of these results in Figure 8B shows that by 4 hr of oleate treatment, three-to fourfold more pex6D cells than Pex 1 cells were Sytox positive. Exposure to oleate allows entry of Sytox into cells either because oleate directly influences processes at the plasma membrane to allow dye to enter the cell or because oleate kills the cells by some other means after which the dead cells become permeable to Sytox. To distinguish between these two possibilities, yeast were killed by poisoning with clonNAT, a drug that is known to kill by mistranslation (Haupt et al. 1978) . Although ,5% of either Pex 1 or pex6D cells were viable after 2 hr of clonNAT treatment, there was no increase in Sytoxpositive cells of either the Pex 1 ( Figure 8A ) or the pex6D (data not shown) strain even after 4 hr of clonNAT treatment. Thus oleate-induced but not clonNATinduced cell death allowed entry of Sytox into cells within the time course of this experiment. In addition to PEX6, we also found that deletion of SAP190, ILM1, or PEX19 led to increases in the fraction of Sytox-positive cells comparable to those seen for the pex6D strain in Figure 8 (data not shown).
DISCUSSION
We have identified genes whose products enable optimal growth of Saccharomyces in the presence of oleate. This strategy was used by Erdmann et al. (1989) because of the peroxisomal location of b-oxidation: impairment of peroxisome function could block fatty acid catabolism, thereby preventing oleate from serving as a carbon and energy source. Our results demonstrate, however, that the growth impairment of the yeast deletion strains isolated in our screen is mainly caused by the inhibition of their growth by oleate not by their inability to utilize oleate. Erdmann et al. (1989) reported that wild-type yeast are completely incapable of growth in the absence of oleate or any other added carbon source. It was therefore not possible, presumably because of differences in either strain background or media components in the two studies, for the earlier study to observe oleate inhibition. In addition to inhibition of the growth of mutants, our data also show that oleate slightly stimulates growth of wild-type yeast. Oleate thus appears to be a carbon/energy source preferable to the unknown component(s) of STY medium and/or agar that permits growth in the absence of any added carbon source.
This study had its origins in our search for additional proteins that are required for the maintenance of the peroxisome. At the project's inception, there was evidence that the peroxisome might be an autonomous organelle, i.e., that a new peroxisome could form only from a preexisting peroxisome that would serve as a structural template. The mitochondrion, for example, is undoubtedly such an autonomous organelle (Lockshon 2002 ), yet, unlike the peroxisome, it performs at least one essential function (Kispal et al. 2005) and must therefore continue to be maintained. Pex3 and Pex19 were known to be required for the maintenance of the peroxisome (Hohfeld et al. 1991; Gotte et al. 1998 ), yet the ability of peroxisomes to be reformed in pex3D and pex19D strains after being resupplied with PEX3 and PEX19, respectively, argues against the structural templating of this organelle. However, structures termed ''protoperoxisomes'' were reported in pex19D (Snyder et al. 1999 ) and pex3D (Hazra et al. 2002) mutants of Pichia pastoris and in pex3 strains of Hansenula polymorpha (Faber et al. 2002) and S. cerevisiae (K. Huang and P. B. Lazarow, unpublished data cited in Lazarow 2003) . Protoperoxisomes, in principle, would be capable of preserving the putative peroxisomal structural information, which could then serve as a template for the reestablishment of peroxisomes upon genetic complementation. Our oleate screen was therefore initiated to identify proteins that are necessary for the maintenance of both the peroxisome and the protoperoxisome. None of the 68 deletions examined had any effect on peroxisome integrity. In light of more recent evidence, it is clear why this search was unsuccessful: Hoepfner et al. (2005) have clearly shown that peroxisomes of S. cerevisiae, rather than being autonomous, can be derived from the endoplasmic reticulum.
While much is known about the activities of the proteins that are responsible for peroxisome function and about the biochemical pathways that occur there, the biological role of this organelle is still poorly understood. There is extraordinary variation in metabolic processes carried out in the peroxisomes of the different eukaryotic species, yet all peroxisomes carry out boxidation (Moyersoen et al. 2004) . The mitochondrial b-oxidation pathway found in animals, on the other hand, has thus far been found neither in plants nor in fungi (Kunau et al. 1988) . Perhaps the catabolism of dietary fatty acid is also a relatively specialized process and is carried out mainly or solely in mitochondria. We propose that peroxisomal b-oxidation instead fulfills a different function: catabolism of fatty acids that have been removed from membrane phospholipids. This hypothesis is consistent with the requirement of a functional peroxisome to prevent growth inhibition by oleate. We have also presented data that further suggest that oleate exerts its toxic effect on oleate-sensitive mutants by permeabilizing the plasma membrane. This is the anticipated effect of a decrease in the packing density of the membrane bilayer, which would result from the over-incorporation of this unsaturated fatty acid into phospholipids. Although confirmation of an effect of supplemental oleate on phospholipid fatty acid content in pex strains awaits biochemical analysis of membrane fractions from such cultures, previous studies have indeed demonstrated the incorporation of fed fatty acids into Saccharomyces phospholipids (Bossie and Martin 1989; Stukey et al. 1989) . While it is economical to propose that oleate exerts its toxicity on mutants in all the functional categories listed in Table 1 by its effect on the plasma membrane, this is not necessarily the case since the mitochondrial entries in Table 1 , for example, imply a toxic effect of oleate on mitochondrial membrane. The nuclear-localized proteins listed in Table 1 perhaps cause oleate sensitivity indirectly by adversely influencing the ability of PEX genes to be induced by oleate.
Two large-scale screens have identified proteins required for proper cell-wall function in yeast (Lussier et al. 1997; Page et al. 2003) . Twenty of these proteins, among them those listed in Table 1 in the ''cell wall'' functional category, were found in our screen: Bud14, Bud22, Dfg5, Fox2, Gal11, Ilm1, Med2, Nbp2, Pex6, Pex12, Ptc1, Rps11A, Sac1, Sap190, Sod1, Srb2, Srb5, Ste11, Thp1, and Tif3. This overlap implies that, for the ''cell wall'' functional category, oleate might exert its toxic effects directly on the plasma membrane. It is possible that this subset of mutants is deficient primarily in the ability to adequately control plasma membrane composition, a defect that in turn could influence the wall. Indeed, the cell wall is emerging as a dynamic structure that interacts in complex ways with the plasma membrane (Firon et al. 2004) .
The sap190D and ilm1D mutants are of interest because they are particularly sensitive to oleate (C18:1) yet unaffected by palmitoleate (C16:1). We hypothesize that Sap190 and Ilm1 function in the control of the ratio of the palmitoleate-to-oleate content of phospholipids. The ratio of these two phospholipid components, the predominant unsaturated fatty acids in S. cerevisiae , decreases 1.7-fold when the growth temperature of S. cerevisiae increases from 10°to 35° ( Suutari et al. 1990) , implying an effect of the C16/C18 ratio on membrane fluidity. Moreover, acyl chain length is known to influence bacterial membrane fluidity (Cronan 1996) . Although the mechanisms by which several prokaryotic species control membrane fluidity is understood in some detail (Mansilla et al. 2004) , the mechanisms by which eukaryotes control this process are completely unknown.
No Sit4-associated proteins other than Sap190 are needed to prevent oleate sensitivity. To date, the Saps of Saccharomyces have been shown to be involved in sensitivity to Kluyveromyces lactis zymocin (Jablonowski et al. 2001 (Jablonowski et al. , 2004 , regulating the level of the Npr1 kinase (Jacinto et al. 2001) , influencing the toxic effects of rapamycin (Rohde et al. 2004) , and modulating K 1 efflux (Manlandro et al. 2005) . These previously reported functions, and perhaps oleate sensitivity as well, all concern events at the plasma membrane. None of these previous studies, however, have convincingly demonstrated that Sap190 plays a unique role. The sensitivity of the sit4D strain to oleate also suggests that a Sap190/Sit4 complex is the entity that prevents oleate inhibition. The ability of 0.03% oleate in YPD to inhibit the sap190D strain but not the sit4D strain ( Figure 6B) , however, suggests that Sap190 may be capable of functioning in concert with (an) additional PP2A-type phosphatase(s) (Duvel and Broach 2004) to form an alternative functional unit with Sap190.
Deletion of Ilm1, a 203-residue membrane protein of unknown function that resides in the ER, was first reported to increase the loss of mitochondrial (ilm) DNA (Entian et al. 1999 ) although we are unable to reproduce this phenotype (data not shown). Our screen showed ilm1D to cause oleate sensitivity; further examination showed that this deletion, like sap190D, has no effect on sensitivity to palmitoleate. This suggests that Ilm1 may also participate in the control of the C16/C18 ratio. A yeast two-hybrid screen carried out by The Yeast Resource Center (http://www.yeastrc.org/pdr/pages/ front.jsp) has identified Mga2 as one of seven yeast proteins that strongly interact with Ilm1. Mga2p is a key transcription factor that controls expression of Ole1, the sole fatty acyl desaturase in S. cerevisiae responsible for conversion of the saturated fatty acids stearate (C18) and palmitate (C16) to oleate and palmitoleate, respectively (Zhang et al. 1999; Chellappa et al. 2001) . The ratio of saturated to unsaturated fatty acids (UFA/SFA) is known from studies of Bacillus subtilis, for example, to be a key determinant of membrane fluidity (Grau and de Mendoza 1993; Weber et al. 2001) . Suutari et al. (1990) , however, showed that the UFA/SFA ratio of Saccharomyces is unaffected by growth temperature. On the other hand, the strong induction of OLE1 expression upon shifting yeast from 30°to 10° (Nakagawa et al. 2002) strongly implicates the UFA/SFA ratio in yeast membrane fluidity control. Although yeast are poikilotherms, as are all microbes, an understanding of the contributions of C16/C18 and UFA/SFA ratios to yeast membrane fluidity is likely to be relevant to homeotherms as well.
As judged by Sytox staining, pex6D and other deletions augment the ability of oleate to cause permeabilization of the yeast plasma membrane. Thus, Pex6 and other proteins may participate in the maintenance of plasma membrane integrity. Of several possible mechanisms that account for this role, we favor the participation of the peroxisome in preventing the alteration of phospholipid fatty acid content by oleate. This model is consistent with the role of the peroxisome in fatty acid catabolism, one strategy by which yeast can remove excess oleate. However, the complete absence of boxidation in the pox1D and fox2D strains caused only slight oleate sensitivity; deletion of POT1, which encodes the third enzyme essential for b-oxidation, caused a more severe oleate phenotype. Thus, prevention of oleate toxicity by the peroxisome is apparently more complex than merely the organelle's role in fatty acid catabolism. Yeast can also sequester added fatty acid in the lipid particle, a membrane-bound organelle (Athenstaedt et al. 1999) . Indeed, yeast that lack a lipid particle (Sandager et al. 2002) are also highly sensitive to oleate (D. Lockshon, unpublished results) . An intimate association between the lipid particle and the peroxisome of Saccharomyces has recently been reported (Binns et al. 2006) , suggesting that perhaps the peroxisome may also participate in lipid storage. Other possible models, which implicate the peroxisome in membrane resealing (Jedd and Chua 2000; McNeil and Steinhardt 2003) or in multi-drug efflux pump function (Ernst et al. 2005) , have not been ruled out.
A cellular role for the peroxisome has yet to be determined. This work suggests that it could have an important role in governing yeast fatty acid levels and perhaps in governing the composition of membrane phospholipids. The relative simplicity of the metabolic processes that occur in the yeast peroxisome does not readily suggest a cellular function for the organelle. The human peroxisome, on the other hand, houses multiple pathways, perhaps all of which involve membrane component metabolism (Wanders and Tager 1998) LITERATURE CITED
